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T he experim ental d a ta on th e cosm ic-ray geom agnetic effects are used to provide info rm atio n on th e n a tu re of th e p rim a ry cosmic ray s an d on th e m ode of p ro d u ctio n o f th e m eson com ponent. T he relev an t arg u m en ts are first review ed in a q u alita tiv e w ay an d th e n elab o r a te d b y a q u a n tita tiv e analysis, w hich is n o t d ep en d ent u p o n an y specific th eo ry of m eson production. T hree m ain possibilities are discussed, th e so-called p ro to n , 'm ix e d ' an d soft com ponent hypotheses (see § 1 for definitions). I t is concluded th a t th e bulk of th e m esons m u st arise from proton s (or possibly o th er heav ier positively charged particles). The analysis suggests th a t th e average m u ltip licity o f th e process of m eson p ro d u ctio n is a b o u t nine. F ro m consideration of th e asy m m etry a t high altitu d e s it seems likely th a t th e p rim a ry rad iatio n consists of pro to n s an d electrons (equally positive an d negative) in th e ratio of a b o u t one p ro to n to four electrons.
P r e f a c e Most of the work on which this paper is based was carried out in 1939 but was not presented for publication owing to the pressure of wartime duties. Although there have been considerable advances since 1939, both in the theory and experimental data relating to the process of meson formation, no generally accepted picture has emerged so far.
In the investigation, made in 1939, an attem pt was made to determine what information about the production of the meson component can be obtained by considering the experimental data on the geomagnetic effects. The analysis was not dependent upon any specific theory of meson formation but was based as far as possible upon established conceptions, such as the allowed cones in the earth's magnetic field and the conservation of energy in the cosmic-ray beam.
Since these investigations led to definite results and, as far as we are aware, have not been duplicated, we think it worth while to present them here.
I ntroduction
Since mesons are unstable they cannot be present in the primary cosmic-ray beam. The mesons observed as the hard component of cosmic radiation must therefore, directly or indirectly, be formed by the primaries falling on the atmosphere from outside.
The nature of the primary cosmic rays is uncertain. The main possibilities which have been discussed by various authors are as follows:
( 1 )
The proton hypothesis I t is assumed that protons are the primaries of all cosmic rays, both hard and soft components (Hamilton, Heitler& Peng 1943) .
(2) The mixed hypothesis I t is assumed th at protons are the primaries of the hard component, while the soft component at high altitudes arises from primary electrons and possibly photons (Johnson 1939) . In addition to this 'primary soft component' there is of course a secondary soft component produced by the hard component.
(3) The soft component hypothesis I t is assumed th at the mesons are secondary to the soft component. From theo retical reasons it is suggested th at the mesons are formed by photons by a kind of photoelectric effect. Whether mesons are assumed to be due to photons or electrons is, however, of very little consequence for the details of the present analysis.
2. R eview of the arguments on the nature of the primary cosmic rays
In this section we give a brief account of the main arguments bearing on the nature of the primary cosmic rays. We give the arguments here in a qualitative way, the main task of the paper being to elaborate these arguments in a quantitative manner (see § 3).
(1) A large part of the primary cosmic rays consists of electrically charged particles as can be inferred from the latitude effect. The total flow of cosmic-ray energy above the equator is less than one-half of that above high latitudes, and thus at least onehalf of the energy is incident in the form of charged particles. I t is usually assumed th at all, or nearly all, primaries are electrically charged.
(2) The latitude effect at all altitudes ceases for latitudes above 50°. This latitude cut-off implies th at the primaries contain no charged particles of momentum below about 4000MeV/c.
(3) The meson component is found to be asymmetrically distributed around the vertical. The intensity from the west exceeds the intensity from the east, implying th at the meson primaries are predominantly positively charged.
(4) According to the observations of Johnson & Barry (1939) , the east-west asymmetry of the total radiation at high altitudes, where the soft component predominates, is no larger than th at observed at sea level, and is considerably smaller than one would expect if all the primary radiation were positively charged.
One possible qualitative explanation of this is clearly provided by the mixed hypothesis if the primary soft component (whose influence according to this hypo thesis is confined to high altitudes) contains equal numbers of positrons and electrons. I t will be seen in (6) below that this is not the only possibility.
(5) The idea that the soft component is largely due to primary electrons is sup ported by the analysis of the atmospheric transition curves observed by Bowen, Millikan & Neher (1938) and by Millikan, Neher & Pickering (1942) . These transition curves can be well accounted for in terms of the cascade theory, as was pointed out by Heitler (1937) and by Nordheim (1938) . A closer study by Chakrabarty (1943) reveals a certain discrepancy between observed and calculated transition effects. Such a discrepancy is, however, not surprising, as at high altitudes a strong secondary soft component arising from meson decay has to be expected in addition to the primary soft component.
(6) The soft-component hypothesis cannot be automatically excluded in view of (3) and (4) however, for an excess of positrons over electrons up to about 28 % of the electron intensity would be compatible with the asymmetry observed at high alti tudes and would lead to asymmetry in the mesons arising from the soft component .
(7) The proton hypothesis is not definitely excluded by (4) above, although it is difficult to understand why, with only positively charged primaries, the asymmetry at high altitudes should not be larger (see § 3T 32). The explanation of this difficulty suggested by Hamilton et al. (1943) is that in the case of the soft component, which predominates at high altitudes, the directional asymmetry of the primaries has been smoothed out by scattering, magnetic deflexions, etc. It seems rather unlikely, however, that such smoothing would be sufficient to mask the asymmetry of the soft-component primaries. (8) The latitude cut-off may favour the assumption that the primary beam con sists of one type of primary only. If there are several types of primary components, then all must show a cut-off at the same momentum. Such a cut-off can be explained in terms of a solar magnetic field (Janossy 1937); the existence of a solar magnetic field has been recently confirmed (Thiessen 1946) .
(9) If the proton hypothesis were to be accepted, then the agreement between the observed atmospheric transition curves and the cascade theory would have to be taken as accidental. The most striking feature of this effect is, apart from the change of total energy flow, the change of the height of the maximum intensity with latitude; over the equator the maximum intensity is observed at a considerably lower height than over high latitudes.
The shift of the maximum is conveniently explained in terms of the cascade theory, if the primaries are assumed to be electrons. If the primaries are assumed to be protons, a different explanation has to be looked for. I t has been shown (Power 1947) that the shift of the maximum could be related to the fact th at primary protons of higher energy can penetrate deeper into the atmosphere than those of low energy, and thus the average height of production of electrons through the agency of protons is lower over the equator than over a high latitude.
(10) Recent high-altitude observations using V 2 rockets (Golian, Krause & Perlow 1946) suggest that the primary radiation contains a soft component. These results, however, are still of a preliminary nature and may be modified wT hen more extensive observations have been made.
From these qualitative arguments no definite decision as to the validity of one of the hypotheses (1), (2) or (3) can be obtained.
In the following sections we try to formulate these arguments in a more quanti tative way, and thus come to definite predictions as to the details of the process of meson production which have to be assumed in view of the experimental findings.
To conclude the qualitative arguments we would like to mention the following general argument due to Blackett: If the primaries contain protons, then they ought to contain electrons as well. The protons passing through any matter, either when produced or during their passage through interstellar space, should produce mesons, and these mesons would decay giving rise to electrons.
In the following section we discuss the evidence which can be obtained from the geomagnetic effects as to the nature of the primaries.
The relevant geomagnetic effects are the latitude and the asymmetry effects. At sea-level practically the wrhole of the soft cosmic-ray intensity can be taken to be secondary to the meson component. Thus the geomagnetic effects at sea-level can be ascribed to the meson component alone.
The effects are more complicated at high altitudes where the cosmic-ray beam is partly independent of the meson component (cp. Rossi & Greisen 1942) .
If ilf(A) is the total intensity of mesons integrated over all directions at sea-level at the geomagnetic latitude A and ME{ A, 6), MW(X, 6 ) ar coming at a particular zenith angle 6 from east and west respectively, then LAj/,2 and A (A, 6), the latitude and asymmetry effects observed at sea-level, are given by
The left-hand expressions are given experimentally. The functions M have to be derived for assumed primaries in such a way as to satisfy equations (1) and (2). This kind of analysis was applied by Johnson (1935) to the case of protons, which were supposed to suffer an exponential absorption in penetrating the atmosphere, the absorption coefficient being chosen so th at the right asymmetry is shown at sea-level. The latitude effect between A = 0 and 20° was calculated, but comparison with observation was inconclusive since at low latitudes the experimental data show a marked variation with longitude.
Various aspects of the problem of meson formation were dealt with by Nordheim (1938) and by Nordheim & Hebb (1939) . More recent work leading to partly con tradictory conclusions has been carried out by Rathgeber (1942) , Swann (1942) and Bloch (1946) .
3*1. T h e h y p o t h e s i s t h a t p r o t o n s a r e t h e p r i m a r i e s W H ICH PRODUCE THE MESONS
In this section it is assumed th at the mesons all arise from protons. It should be noted that since mesons are entirely responsible for the effects at sea-level, from the point of view of equations (1) and (2) above it is immaterial whether the primary cosmic-ray beam is purely protonic or contains an electronic component as well; consequently the analysis of this section applies equally to the proton hypothesis and to the 'm ixed' hypothesis ( §1).
Assume a proton has a probability of producing k mesons simultaneously or in succession, and then work out the form <f(k) must possess if the latitude effect shown by the mesons at sea-level is to agree with that observed. The function <fi{k) so determined is next used to calculate the theoretical asymmetry which is then compared with the experimental asymmetry at a number of latitudes and zenith angles.
311. The method used to determine 3 T 11. A ssumptions (1) The number of primary protons per unit solid angle with energies between and E + d E is cdE/En, c being a constant (Johnson 1938; Euler & Heisenberg 1938; Heitler 1937) provided E^4tx 109eV and is zero otherwise. The latitude cut-off which occurs at about latitude 50° at all altitudes suggests that the incident energy spectrum has a lower limit at about 4 x 109 eV. The best value of n seems to be about 2-7. Eor convenience n = 3 is used in this section, since the determ does not depend critically upon n. Later, where results are more sensitive to the energy spectrum adopted, n is taken as 2*7.
(2) Mesons are formed high up in the atmosphere, the height h of formation being such that the primary particles traverse an amount of atmosphere equivalent to one-tenth of the vertical depth; for vertical particles h would be about 16 km.
(3) The minimum energy needed to penetrate from height h to sea-level is 2 x 109eV for a particle travelling vertically and 2 x 109/cos#eV for one travelling at an angle 0 to the vertical.
(4) All mesons move in the same direction, as did the proton which produced them . (5) The probability <fi(k) of a proton producing k mesons is independent of the energy of the proton and depends only upon the multiplicity of the process.
(6) If a proton of energy E produces k mesons, each meson has energy E ' = E\k. Although there is likely to be an energy distribution among the mesons emitted, on the average (neglecting energy which may be taken up by recoil of the nucleus) they will have energy Ejk.
The fact th at the energy spectrum of the mesons (Blackett 1937) is similar to th at of the primary particles (i.e. of the form d E /E n with n about 2*8) suggests th a t (5) and (6) may represent the process of meson formation reasonably well. In any case (5) and (6) are as good working assumptions as can be made until the theory of meson production is better understood. I t is unlikely th a t the conclusions regarding the geomagnetic effects would be appreciably affected by changes in these assump tions.
3*112. The total intensity of mesons at sea-level I t is usual in calculating the latitude effect to consider only the vertical intensity and then to compare the results with experimental data which refer to the total intensity integrated over all directions (or at any rate over a very large solid angle). This naturally introduces uncertainties into the comparison, and in the present calculation we shall consider the intensity integrated over all directions, although it increases the computation involved.
On account of the earth's magnetic field, primary protons can only approach a point P on the earth's surface from certain directions. We shall refer to the cone formed by these directions as cone A and to its half-opening angle, which depends upon the energy E of the proton as well as on the geomagnetic latitude A of P , as oj(X, E). This angle has been evaluated by Vallarta (1933) , and in the following calculations his numerical values have been used.
The proton of energy E gives rise near the top of the atmosphere to k mesons, each of energy E' = E/k. The directions from which these mesons can approach P is further restricted by atmospheric absorption. In penetrating to sea-level a t an angle 0 to the vertical the meson loses an amount of energy 2 x 109/cos$ through ionization. Consequently for each energy E ' of meson there is a cone B in which the direction of approach must lie if the meson is to reach sea-level. This cone has its axis vertical and half-opening angle d(E') is given by
The only protons of energy E which can produce mesons of energy E', able to reach sea-level, are those whose directions lie in the portion common to cones A and B. The number of such protons is proportional to the solid angle S(A, E, E') of this common portion. It is easy to show th at this solid angle is given by
. Now some of the mesons included in this solid angle will decay before reaching sea-level, and to allow for this an extra factor D(E, must be introduced into the integrand in (4). D (E, \jr) represents the probability th at a meson of i will not decay in traversing the atmosphere in a direction at xjr to the vertical. If /i, t are mass and lifetime at rest,* then
the integral being taken over the whole path through the atmosphere. The function E(x) is easily found if the only energy loss considered is th at due to ionization; for most energies involved in the calculation, however, the modification in D due to energy loss can be neglected and D{E, xjr) is given simply by
where h is the vertical height above sea-level of the point at which the meson arises. Allowing for meson decay and integrating over the energy spectrum of the incident protons and summing over all possible multiplicities then i f (A), the total number of mesons reaching sea-level at latitude A, is given by 00 r°° and E' is always equal to E/k.
3*113.
Numerical results and determination The double integral/(A, k) was evaluated for different latitudes for 1,4 and 6, and the curves of figure 1 were obtained. Each of these curves represents what would be the sea-level latitude effect if mesons arose entirely by a process of that particular multiplicity.
In figure 2 we show the latitude effect at sea-level, observed by Compton & Turner (1937) . This curve is typical of the effects found by different observers; ail show an amplitude of about 10 % and become constant at about latitude 50°.
* In this calculation all mesons will be assumed to have r = 2*1 x 10"® sec. and ji -200 x mass of electron.
It is seen th a t the experimental curve cannot be due to a process of some particular multiplicity but must be due to the superposition of processes of different m ulti plicity. From these curves the process of multiplicity 5 gives the nearest approach to the experimental curve and may be expected to give the maximum contribution to the sea-level intensity at any latitude. Also the probability of forming a very L. Janossy and P. Nicolson large number of mesons simultaneously will be small. must therefore tend to zero as k becomes large and have a maximum somewhere in the region k = 5. The function kae~bk has the required form if a, b are suitably chosen.
Thus the best agreement with the experimental curve is obtained with = 3, 6 = 0-35, so that _ constant
The theoretical latitude effect using this function is shown in figure 2 together with the experimental. The function has its maximum between 8 and 9, and so, on the proton hypo thesis, the commonest multiplicity occurring in meson production would be about 8 or 9. The maximum contribution at sea-level at any latitude is from a process of multiplicity about 6, as the magnitude of /(A, falls off rapidly with increasing k [oc 1
/k2]. We shall now use this function <f(k) to calculate the asymmetry at sea-level at several latitudes and zenith angles.
3-12. T h e a s y m m e t r y a t s e a -l e v e l d u e t o m e s o n s
The calculation of the asymmetry is much simpler than th at of the lati tude effect, because it only involves the intensity at a particular zenith angle instead of the total intensity integrated over all directions.
Suppose Eu(6, A), Ee(0, A) are the lowest energies for which protons may come at angle 6 to zenith from west and east respectively, at latitude A; A), MJd, A) are the number of mesons coming at sea-level at zenith angle 6 from west and -east respectively .Then / egosox '*\2x 10*/I j f j w i A "
where is the largest integer < E cos 0/2 x 109. I t will be noticed th at the same expression has to be integrated with respect to E in both (9) and (10), and that the range of integration is greater in (9) than in (10) as E J 6,\) < E e{0,\) . It follows th at once M J6, A) has been calculated, Me(6, A) can be found with very little further work. In view of the approximate nature of the theory, the theoretical results show sur prisingly good agreement with the experimental.
3-13. The asymmetry at high altitudes
We have shown th at good agreement with the geomagnetic effects at sea-level results from the assumption th a t protons are the parents of the cosmic-ray mesons. This assumption is contained in both the proton and the mixed hypothesis ( §1). These two hypotheses will now be considered from the point of view of the asym metry at high altitudes.
3*131.
The mixed hypothesi
This can clearly be made compatible with the asymmetry observations at 16km. In fact one can easily estimate roughly the ratio of primary protons to primary electrons required to give the asymmetry observed a t 16km.
Suppose the number of protons in the energy range to + dE is given by dE IE n, while the numbers of primary positive and negative electrons in the same range are each given by G dE\En. I t is necessary to find G.
According to Serber (1938) , the cascade theory predicts th at an electron of energy 1010 eV will produce about ten secondary electrons in reaching the intensity maximum in the atmosphere, and also th a t the number of secondaries produced by primary electrons of other energies is roughly proportional to energy. From this, knowing the minimum energies required a t latitude A by an electron coming a t a particular zenith angle 6 from west and east respectively, the average intensity can be cal culated for the electronic component a t 16km. at this angle 6 [£( westerly + easterly intensity)].
On the assumption th a t each proton produces nine mesons a t the Regener maxi mum (suggested by § 3*1), the corresponding intensity for the meson component can be calculated, and in addition the difference in meson intensity at zenith angle 6 from west and east. Hence the resultant asymmetry a t zenith angle d for the total radiation at 16 km. can be found. This theoretical asymmetry will involve the con stant C, which may be determined by comparison with the corresponding experi mental value.
The process was carried out at the equator for d -60° and for an energy spectrum corresponding to n = 2*7; comparison with the asymmetry observed by Johnson & Barry (1939) gave a value about 2 for C.
Thus these considerations suggest th at there are about four primary electrons (equally positive and negative) for one primary proton.
3*132. The proton hypothesis
Assuming a 1 jE 2'7 differential energy spectrum, the number of protons ar at the equator a t zenith angle 60° from the west is about four times as great as the number arriving a t the same angle from the east; this means the asymmetry a t the top of the atmosphere would be about 1*2 if all primaries are protons.
We have already mentioned the fact pointed out by Hamilton et al. (1943) th a t the asymmetry of the soft component is reduced by scattering (see § 2 (7)), but it is difficult to believe th a t the asymmetry could be reduced by this as drastically as is required (from 1*2 to 0*07) in going from the top of the atmosphere to 16 km.
For this reason the proton hypothesis appears unlikely.
3-14. D i s c u s s i o n
The calculations described above show th at the mixed hypothesis is compatible with both latitude and asymmetry effects at sea-level and also with the asymmetry at high altitudes, and suggest th at the average multiplicity of the process of meson formation is about 9. This is particularly interesting, as 9 is the multiplicity assumed by Bloch (1946) in his calculations of meson intensity as a function of altitude and energy. Bloch's choice of 9 appears to have been based on experimental evidence on the commonest multiplicity at high altitudes furnished by Schein, Jesse & Wollan (1939) . Bloch concludes th at a multiplicity of 9 for all but low-energy protons (< 7 x 109eV) is compatible with experimental data; for low energies his results suggest that the multiplicity is less than 9.
3-2. T h e s o f t -c o m p o n e n t h y p o t h e s i s
This hypothesis, in which mesons are supposed to arise from the photons* of the soft component, has been suggested by several authors (Bhabha 1938; Bowen et al. 1938; Heitler 1938; Nordheim & Hebb 1939; Kobayasai & Okayama 1939) and is supported by the experiments of Shonka (1939), Schein et al. (1939 ), Regener (1943 and Tabin (1944) . These experiments indicate the production of mesons by a non ionizing radiation which appears to be photons rather than neutrons in these particular observations.
From a theoretical point of view the production of mesons by photons is very feasible, and the theoretical cross-section for the process has been calculated by several workers (Booth & Wilson 1940; Hamilton & Peng 1944) .
The number of primary photons has been shown to be small by the results of the balloon flights of Bowen et al. (1938) , and primary photons will be neglected and the assumption made that mesons arise from photons produced by cascade multi plication of primary electrons and positrons. The asymmetry at sea-level, where the bulk of the radiation consists of mesons, proves that there is an excess of positive particles in the meson primaries. This means there must be an excess of positrons over electrons if the photon hypothesis is tenable.
An upper limit to the ratio of primary positrons to electrons can be deduced from the asymmetry observed at high altitudes on the assumption that protons make no appreciable contribution there (see §3-21 below). The upper limit so found is used in §3-24 to calculate the asymmetry at sea-level due to mesons, all arising from * T h e co n clu sio n s o f th e p re s e n t a n a ly sis a re fo u n d to b e th e sa m e if e le c tro n s in s te a d o f p h o to n s a re ta k e n to b e th e m e so n p rim a rie s.
photons, and this is compared with Johnson's measurements. Before this calcula tion of asymmetry can be made, the probability of a photon producing k mesons simultaneously is required; this is determined in §3'22, not from any theory of the process, but empirically from the observed latitude effect at sea-level, in much the same way as already described for the proton hypothesis.
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3-51. The r a t i o o f p o s i t r o n s t o e l e c t r o n s
As before, assume that the primary electrons have a differential energy spectrum of the form 1 jE n (Johnson 1938; Heitler 1937) . With n -2*7, at latitude 20°, abo four times as many positrons will arrive at zenith angle 60° from the west as at the same angle from the east. From this the asymmetry at the top of the atmosphere would be about 1-2 if the whole radiation were positrons.
The main multiplication of positrons high in the atmosphere will be by the cascade process, as the cross-section for meson production by photons is certainly very much less than that for pair production; at 16 km., where the soft component has its maximum, the number of mesons will be small compared with the total intensity, and the meson component is unlikely to affect the asymmetry at this height. Now the number of secondary electrons produced by a primary positron at this height is roughly proportional to the energy of the primary positron. Conse quently, the ratio of westerly to easterly intensity at zenith angle 60° at 16 km. may be expected to be something like T8 to 1, from which the asymmetry there would be about 0-6 if all the primaries were positive.
Johnson, however, finds an asymmetry of only 0*072 at this height at zenith angle 60°. To produce this asymmetry a primary electron component must be superposed in the ratio of 1 electron to about 1*28 positrons. Since this assumes the contribution of primary protons at 16km. to be negligible, it gives an upper limit to the ratio of positrons to electrons in the primary radiation.
3*22. C a l c u l a t i o n o f t h e f u n c t i o n rf>'(k)
The theory of the calculation is essentially the same as in the proton hypothesis, except that primary electrons do not give rise directly to mesons as did the protons, but produce photons by the cascade process, and these then produce mesons.
Following Nordheim & Hebb (1939) , the total number of photon lengths (i.e. the number of photons multiplied by the average range) of energy betw een/ and produced by an electron of energy E ,i s 0-51 E d fjf2. By similar reasoning to that given in §3*1, A), the intensity at sea-level of mesons produced by photons, is given by 
Here <f'(k) is the probability of a photon energy / producing k mesons of energy ///bin unit length (cascade units). The other symbols have the corresponding meaning to th at in §3T; o>(A, E) is now the half-opening angle of the allowed cone for an electron of energy E arriving at latitude A.
The triple integral/'(A , k) was evaluated at several latitudes for 1 ,2 and 4. The results are shown in figure 3 . These results must be superposed to give the experimental curve by suitably choosing I t was found th at good agreement with the experimental curve was obtained by taking
Meson formation and the geomagnetic effects 111 It should be noted that the number of primary photons is assumed to be negligible in the above calculation; the presence of appreciable numbers of primary photons would modify the calculation, since mesons arising from these would show no geomagnetic effects. An estimate of the constants $60 can be made from the experimental data, and from this estimate the cross-section (cr) for meson production by photons (assuming that the mesons are created by collisions with nuclei) can be deduced.
Pfotzer (1936) finds that for vertical particles, 100 primary electrons incident on the top of the atmosphere correspond to about seven mesons at sea-level. Using this, the average cross-section per nuclear particle for the production of one or more mesons by a photon in air is about 1 x 10~26 cm.2.
Although early theory (Heitler 1938) predicted a cross-section for meson produc tion by photons of about this magnitude, more recent theory (improved by the inclusion of radiation damping) has shown that the cross-section is smaller than this by a factor about 10-3 (Booth & Wilson 1940; Hamilton & Peng 1944 ).
It appears therefore that the cross-section for meson production by photons which is required to explain the geomagnetic effects is far too large to be plausible.
3-24. T h e a s y m m e t r y a t s e a -l e v e l The value oi<j)'(lc) found above was used to calculate the asymmetry produced a t sea-level by mesons. The method is essentially the same as already described for the proton hypothesis, and only the results will be given here.
The situation a t sea-level, if only positrons are present in the prim ary radiation, was first considered. In this case the asymmetry for 0 = 60° and A = 0 and 29°, was found to have the values 0*17 and 0-12 respectively.
I t was shown in §3-21, however, th a t the ratio of positrons to electrons in the primary radiation cannot exceed 1-28 to 1 if the asymmetry observed a t 16km. is to be explained. The addition of a negative primary soft component in this ratio to the positive, reduces the theoretical asymmetry a t sea-level to values about 0-019 and 0-014 at 6 = 60°, A = 0 and 29°. The theoretical asymmetry a t other angles latitudes has a similar value, being always less than 0-02.
These values are all much lower (by a factor about 5) than the experimental values (see table 1) .
I t appears therefore th at if mesons arise from photons in such a way th a t the correct latitude effect is shown at sea-level, and if these photons are produced from primary positrons and electrons present in a ratio compatible with the asymmetry a t 16 km., then the mesons show much too small an asymmetry a t sea-level. Thus the photon hypothesis cannot be reconciled simultaneously with the observed asymmetry a t high altitudes and the sea-level latitude and asymmetry effects. In any case the only neutral primaries to be considered would be photons or neutrons. The hypothesis of primary photons would meet with difficulties of the same type as the assumption of primary electrons ( §3-2), while neutrons are likely to be unstable on general grounds and thus are unlikely to appear in the primary beam.
• 3-32. On the other hand, both atomic nuclei or positively charged ions are feasible as meson primaries as far as latitude and asymmetry effects are concerned. There is no direct evidence, however, th at such particles are present in the primary radiation; they have never been detected in cosmic rays, and so if they are originally present, they must be absorbed very effectively at the top of the atmosphere.
A theory developed recently by Hoyle (1946) predicts the presence of heavy nuclei, having atomic number in the region of 80, in the primary cosmic radiation. Since the energy needed by a particle to penetrate the earth's magnetic field is proportional to the charge, such atomic nuclei would need an energy of at least 1012eV to approach the equator. Since the bulk of the cosmic rays observed have much lower energies, these heavy nuclei would have to produce a very large number of secondaries. This is to be expected as a heavy nucleus of such high energy is likely to produce a great disruption of atoms when it reaches the atmosphere, from which disruption protons, neutrons and mesons might all arise.
At the moment there seems to be no decisive way of showing whether or not such heavy nuclei can form an appreciable part of the primary radiation. In any case the observed geomagnetic effects (chiefly the smallness of the asymmetry a t 16 km.) suggest th at there must be an appreciable primary electronic component (of roughly equal numbers of positrons and electrons) as well as other positive particles, whether these be protons or other nuclei. Although from a theoretical standpoint meson production by either protons, neutrons or photons is permissible, and direct experimental evidence also suggests that mesons can arise from all three, the results of the calculations concerning the geomagnetic effects described above clearly show th at the bulk of the mesons cannot arise from either photons or neutrons, but must be created by protons (or possibly by other heavier positively charged particles). The analysis suggests that the average multiplicity of the process of meson production by protons is about 9.
From considerations of the asymmetry at high altitudes it seems likely that the primary cosmic radiation consists of protons and electrons (positive and negative in equal numbers) in the ratio of about 1 proton to 4 electrons. R e f e r e n c e s
